According to the solar-blind characteristic of the pantograph arc spectrum distribution, an arc detection method based on the photoelectric conversion mechanism for urban rail was proposed, and the design of each part of the arcing detection system was completed. Through the analysis of arc spectral distribution, the 275-285 nm band was determined as the detection characteristic waveband. The optical acquisition system located on the roof of the train collects the arc characteristic light and transmits it to the photoelectric conversion module, which converts the received optical signal into the corresponding current signal linearly. After amplification, comparison and screening in this module, the optical signal is sent to the data processing module for output display. Finally, a field test conducted on an urban rail transit line shows that this arc detection system can effectively detect the pantograph arc phenomenon and reflect the arc intensity linearly avoiding the influence from natural light, train load and train running direction.
I. INTRODUCTION
The electric energy required by urban rail trains is obtained from the continuous sliding contact between the pantograph and the contact line [1] . During train operation, the pantograph and contact line may be offline due to the longitudinal vibration caused by the vehicle body vibration, irregularity of wheels and rail, hard point and other factors. The air gap between the pantograph and contact line is easily broken down by high voltage in the moment offline, and resulting in pantograph arc [2] . The hazards caused by pantograph arc include threatening the insulation safety of vehicle body equipment [3] , making the train receiving current continuously, leading to the unstable running speed of the train [4] , generating high-frequency noise, causing certain interference to the communication equipment and communication signal control system along the line [5] , generating harmonics injected into the traction power supply network system, reducing the power supply quality [6] , ablating the contact line, or even burning the contact wire and causes an accident [7] - [9] .
The occurrence of arc has a certain randomness and is affected by the surrounding environment, electric field, mag-The associate editor coordinating the review of this manuscript and approving it for publication was Xue Zhou . netic field, air flow field, temperature field and other multiphysics fields [10] . It is very difficult to achieve an accurate prediction of the arc. Therefore, finding an appropriate method to realize the real-time arcing detection can measure the quality of the relationship between pantograph and catenary system, thus providing the basis for urban rail transit pantograph-catenary coordination design, maintenance and insulation design work. The existing arc detection studies of pantograph-catenary are mainly concentrated in the field of AC electrified railway [11] , [12] . according to the characteristics of arc, many detection methods have appeared, such as electrical method, thermal method, acoustic method and pressure method, but all of them have the disadvantages of high false detection and omission rate [13] . Japan and Italy applied optical detection method to detect pantograph arcs using UV (Ultraviolet) light 200-240 nm and 175-195 nm bands as the characteristic signals, respectively [14] . However, the photoelectric sensor part of the detection system was installed on the roof of the train, too close to the contact line, it would be subject to severe electromagnetic interference. Computer image processing technology has also attracted the attention of researchers in the field of arc detection. Aydin et al. Obtained arcing pictures from digital camera, and used image processing technology to check whether an arc occurred [15] . And they also proposed particle swarm based arc detection on time series in pantograph-catenary system [16] , but the image processing method could not distinguish whether the light points in the images from arcs or other light sources. Shize Huang et al. Proposed a neural network-based arc detection and recognition method, based on the CNN method, the arc elements of arc image were extracted and judged [17] , but this method could not distinguish whether the outliers produced by the system were caused by CNN model errors or by sharp sparks.
Different from the 27.5 kV power supply mode of AC electrified railways, urban rail use DC 1500V power supply generally [6] . The AC and DC pantograph arc current signals are quite different from each other, the AC pantograph arc current signal is periodic and presents a completely different state from DC [1] . Therefore, the applicability of the existing AC arc detects method in DC arc needs to be further verified. Moreover, the existing arc detection system can only detect whether the arc phenomenon occurs, but cannot accurately quantify the arc intensity [17] . Based on this, a UV method for urban rail arc detection system based on photoelectric conversion mechanism is designed in this paper. Its arc light acquisition system can collect UV light signals in the solar waveband between 275-285 nm, and convert them into an equal proportion of the current signal by PMT (Photomultiplier tube). At the same time, the number, rate, duration, intensity and position of arcs can be calculated by combining the location and speed measurement data.
In this paper, the spectral characteristics of pantograph arc and the feasibility of using solar blind method in the arc detection system are analyzed in the section of ''Principle of pantograph arc detection'', and the relationship between the PMT output photocurrent and arc intensity in the photoelectric conversion process is deduced. In the part of ''Arc detection system structure'', the optical acquisition system, photoelectric conversion module and the data processing module are designed. In the ''Test'' section, the arc detection system is applied to an urban rail transit line, the process and conditions of the test are explained. Finally, the experimental results and analysis are given in the section of ''Results and discussion'', and the conclusion is given at the end.
II. PRINCIPLE OF PANTOGRAPH ARC DETECTION
The locomotive obtains electricity by means of continuous sliding contact between the pantograph and the contact line. In order to ensure continuous contact, a certain pressure should be maintained between the pantograph and contact line, when offline occurs, the voltage difference between pantograph and contact line increases sharply, resulting in the breakdown of the gas between them, which causes the gas discharge, forms a cylindrical gas with extremely high temperature and strong luminescence, that is arc [18] . The electrons or ions in specific materials will be generated along with light at specific wavelengths in the process of energy level transitions from a high energy level to low [19] . As the offline distance increases, the arc is stretched, and when the energy absorbed by the arc is not enough to keep it burning, the arc is extinguished [20] . The photometric method identifying and measuring the arc adopted in this paper uses the luminous characteristics of the arc, so the extracted light characteristic quantity should be able to avoid the influence of natural light in the environment.
A. PRINCILE OF SOLAR-BLIND ARCING DETECTION
UV wavelength in sunlight distributes in 10-400 nm, only the near UV (300-400 nm) can reach the surface of the earth, whereas the vacuum UV (10-200 nm) and medium UV (200-300 nm) are strong absorption by oxygen ions and ozone in the process of transmission. As a result, natural light at 10 to 300 nm UV is almost non-existent near the earth's surface, this band is known as the ''solar blind'' [21] .
Our team has conducted a spectrum analysis experiment of the pantograph-contact line arcing in the laboratory, and we found that there is a certain amount of the UV bands below 300 nm in the arc spectrum, among which the radiation intensity of 275-285 nm band accounted for a stable proportion in the whole arc spectrum, it could reflect the magnitude of arc intensity [22] . At the same time, it meets the requirements of the arc detection band range in the international standard IEC 62487-2017 [23] . Therefore, using 275-285 nm as the characteristic band to measure the pantograph arc intensity of the urban rail can avoid the interference of natural light.
B. PRINCIPLE OF PMT ARCING DETECTION
This method is to convert optical signals into electrical signals and judge the arc intensity by its trend. The photoelectric element used in this system is PMT, which consists of the photocathode, focusing electrode, secondary emission multipliers and anode. It can convert the UV signal received by its cathode into corresponding electrical pulse signal and output through the anode. the working principle and equivalent circuit of PMT are shown in Fig. 1 and Fig. 2 .
The cathode of PMT will emit photoelectrons after being irradiated with UV light, and the photoelectrons will be accelerated and focused in the electric field between the electrodes, thus bombards the multiplier pole at a high speed, then the multiplier produces secondary electron emission, which increases the number of electrons by several times. After several multipliers, the number of electrons increases sharply, and finally is collected by the anode to form the anode current. In Fig. 2 , U is the output voltage of anode, R and C represent the equivalent resistance and capacitance respectively.
The process in which PMT converts the incident optical radiation energy to the cathode into photocurrent and outputs it from the anode is called the photoelectric conversion process, use P(t). to expresses the UV light power of the incident light radiation received by PMT. i(t) to represent the output photocurrent, then their relationship can be expressed as [24] ,
where, h is Planck's constant, v denotes the UV frequency, N 1 is the number of photons incident at the cathode, N 2 is the number of electrons out the elementary charge, q represents photogenic charge, E R is the incident light energy received by PMT, e is the elementary charge. According to (1) and (2), it can be obtained that,
As η = (dN 2 /dt)/(dN 1 /dt) is the quantum efficiency of the PMT, it represents the ratio of photons absorbed number by PMT to the number of electrons excited, which is a function of physical properties, Then (3) can be written as,
When the light source and the environment are fixed, in (4), e, η, h, and v are constant, let A = eη/hv, then,
It can be seen from (5) that the photocurrent i(t) output by PMT is proportional to the incident light power P(t) received. According to (1) , the relationship between the light energy E R received by the PMT cathode and the light power P(t) is as follows,
As the propagation of optical signals in the air is attenuated, µ is the absorption coefficient of PMT, k is the air absorption coefficient, L is the distance between the signal receiving point and the contact point of the pantograph-contact line, ρ is the air density. Then the relationship between the light energy released by the arc E S and the light energy received by the PMT cathode E R is as follows [25] ,
According to (6) and (7), it can be obtained that,
The electrical energy of arc discharge E c and the light energy emitted by arc discharge E S satisfy the following relationship [24] ,
where, η l is the luminous efficiency, which is related to the dielectric characteristics, electric field intensity, electrode spacing, environment and other factors, and U represents the peak voltage of the initial discharge of the arc. Then, the relationship between E c and the arc discharge Q is as follows [26] ,
According to (8) , (9) , and (10), it can be obtained that,
In (11), L , µ, k, ρ, η l and U are constants, let B = µη l e −kρL U /2, then,
It can be seen from (5) and (12) that the optical power P(t) received by PMT is proportional to the optical current output i(t), and it is also proportional to the arc discharge Q, therefore, i(t) is proportional to Q, so it is reasonable to judge the arc discharge intensity by detecting the output current from PMT.
III. STRCTURE OF PANTOGRAPH ARC DETECTION SYSTEM
The pantograph arc detection system is mainly composed of three parts, an arc light acquisition system installed on the roof of the train, and a photoelectric conversion module and data processing module installed in the control room. The structure diagram is shown in Fig. 3 . When arc occurs, only 275-285 nm UV band in the arc can pass through the light acquisition system and be imaged on the end face of the fiber, then the UV fiber transmits the optical signal to the photoelectric conversion module. After the PMT converts the incident light signal into an electrical signal, it is sent to the data processing module, at the same time, the positioning and speed measurement systems provide basic data of the locomotive to locate the arc occurrence point, store and record the relevant data. 
A. ARC LIGHT ACQUISITION SYSTEM
This arc light acquisition system should meet two requirements, first, be able to collect UV light signals in the characteristic band of 275-285 nm in the arc light, and prevent other band light signals from entering, second, the collected characteristic optical signals can be transmitted to the photoelectric conversion module for processing without loss. The structure of arc light acquisition system designed in this paper is shown in Fig. 4 .
the arc light acquisition system is mounted on the roof of the train at an angle of 25 • , and the mounting angle is adjustable. To satisfy the first requirement above, a narrowband filter with a central wavelength of 280 nm and a bandwidth of 10 nm is installed at the front of the lens, at the same time, an anti-reflection coating is added to the glass element in order to reduce the light loss caused by the reflection of the surface of the glass element. After the optical signal passes through the lens group, it enters the end face of the UV fiber at the focal point and is transmitted to the photoelectric conversion module through the optical fiber for further processing, so it satisfies the second requirement.
The design of optical parameters is related to the installation position of the optical acquisition system. Considering the different arrangement of equipment on the roof of the train, this paper designs the optical parameters for the three distance schemes of the horizontal distance between the light acquisition system and the arc point, 3 m, 4 m, and 5 m. Since the vertical distance between the contact point of the urban rail contact line and the roof is small, the optical parameters The design target is that, arc with a diameter of 400 mm can be transmitted to the next module by an optical fiber with a diameter of 2.5 mm after passing through the optical system. The distance between the arc and the optical system is 3 m, 4 m and 5 m respectively, and the coupling angle of the end face of the optical fiber is 25 • . The optical parameters of the imaging system are designed for three range schemes. When the image lens is equivalent to ideal, according to the design objective, the numerical aperture NA of the imaging system is limited as NA = sin(25 • /2) = 0.22
Beams larger than this NA will not be coupled into the fiber. The magnification β of an ideal lens imaging system is β = 400/2.5 = 160
The image distance v, focal length f , and the effective optical aperture D of the three object distance u schemes can be calculated according to (13)- (15) . And the results are shown in Table 1 . When the optical acquisition system is installed at different positions (u is different), the fixed position of the end of the UV fiber depends on the value f in Table. 1, while the lens size depends on the value D. v = u/β (13)
B. UV PHOTOELECTRIC CONVERSION MODULE
The task of the UV photoelectric conversion module is to convert the characteristic band light signal transmitted from the optical fiber into an electric signal, that can reflect the arc intensity and output it to the next module. The key of the module design is as follows:
(1) The module can convert optical signals into electrical signals, the photoelectric conversion element adopted is sensitive to the optical signals at 275-285 nm band and the response curve is close to linear within the band range.
(2) Since the electrical signal directly output by PMT is very weak, it is susceptible to interference from noise signals in the working environment. As a direct detection signal, the detection result would be inaccurate, so corresponding measures should be taken to identify and extract valid signals.
(3) The module should have a counting function that can count the number of pulses of the PMT anode output signal to determine the number of arcs.
After comprehensive consideration, R9880U-210 type PMT was selected. The quantum efficiency of R9880U-210 has good linearity when the wavelength of incident light distributed at 275-285 nm, and it also has the advantages of light weight, high mechanical strength, high cathode sensitivity and gain. The main characteristics of R9880U-210 PMT are as Table. 2.
The structure of the photoelectric conversion module is shown in Fig. 5 .
In order to solve the problem that the output electrical signal from PMT is weak and vulnerable to interference, a low noise preamplifier is designed into the module to amplify the weak electrical signal with noise. In order to filter out low and high amplitude impulse noise in the environment, comparators and discriminators are designed. By selecting the first and second levels of the discriminator reasonably, low amplitude noise pulses, such as thermionic noise pulses and amplifier noise pulses in the multiplier system, as well as high amplitude of gas fluorescence caused by cosmic rays can be eliminated, so as to improve the signal-to-noise ratio of the detection results. To realize arc counting, a pulse counting unit is designed after the discriminator to record the TTL level signal output by the discriminator.
C. DATA PROCESSING MODULE
The main task completed by the data processing module is to collect the arc information transmitted by the photoelectric sensor module and process the arcing information in combination with the data of the train positioning system GPS, TAX box and speed measuring system. It can output the location, time, duration, intensity and train running speed of arcs. At the same time, the arcing rate, arcing curve, arcing time and maximum arcing duration in the running section should be given.
The data processing part is implemented by industrial embedded computer with strong anti-interference ability. In order to achieve fast data acquisition, the system adopts the Altai 2812 data acquisition card based on USB bus, which can be directly connected to the USB interface of the computer, and it is convenient to insert and remove. The signal processed by the sensor module is transmitted to the integrated processing system of the upper computer, The system analyzes the data, calculates the arcing rate, arcing time, arcing intensity and other parameters, and combines with other monitoring information of the catenary to accurately locate the arc occurrence location, and finally forms a report and test report output, and the interface display and output statements are shown in Fig.6 . and Fig.7 .
IV. TESTS
In order to verify whether the system can detect the arcing phenomenon and its intensity, the arcing detection system is installed on a train in an urban rail transit line with its object distances 4 m to carry out tests. This urban rail transit line is officially opened in June 2019, with a total length of 25.9 km, 20 stations and 19 sections. The installation state and output interface of the device are shown in Fig. 8 .
Four arc detection tests were conducted on the train, and the train's running speed, running direction, load status and speed were all different in each test. The tests conditions are shown in Table. 3.
Specific arc data of the above three sections are selected for analysis, and the detected arc data are listed in Table. 5 
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Under basically same test conditions, if a high degree of consistent arcing rate detection result can be obtained during repetitive tests, it can be proved that the system has high reliability. Due to the different test conditions and the arcing phenomenon has a certain randomness, the test results cannot be completely consistent. However, as long as the arcing rate change trends in the 19 sections obtained from the 4 tests are similar, it can be explained that the arcing detection system can effectively detect the pantograph arc phenomenon without being affected by external conditions. Arc ratio N Q is an important index [23] , and its calculation formula is as follows,
In (16) , t i represents the duration of the i th arc whose duration exceeds 1 ms in the section under test (the influence of arc discharge less than 1 ms can be ignored), t t represents the total measured time of the section, that is, the total running time of the train in the section [23] . From the foregoing theoretical analysis, it can be seen that the current output by the PMT i(t) in the photoelectric conversion module is proportional to the amount of arc discharge Q, it can accurately reflect the intensity of the arc. However, at the moment arc occurs, there is no auxiliary equipment can detect Q ,therefore, it is impossible to verify the correctness of arc strength by the relationship between i(t) and Q, but according to (1) , it can be known that,
That is, the number of photons received by the PMT photocathode N is proportional to the incident light power P(t), considered (12) that N is proportional to Q. Therefore, in the tests, a photon counter is added to the photoelectric conversion module to measure the number of photons received by the cathode when arc occurs, and verify whether the number of photons N is proportional to the output current i(t) of PMT. If so, it means that the output current i(t) of PMT is proportional to the discharge Q of arc. Then the output i(t) of the system can correctly reflect the intensity of the arc.
V. RESULTS AND DISCUSSION
In the four tests, the arc ignition rate, total number and total duration of the 19 sections are shown in Fig. 9 . It can be seen from Fig. 9 (a) that in the 4 tests, the trend of the arcing rate detected in each section is similar, indicating that the system can effectively detect arcing under different external conditions. This is also proved by the similarity variation rule between the number of arcing times and the total arcing duration of the four tests shown in Fig. 9 (b) . Fig 9 (a) shows that, in the 4 tests, the sections with the highest arcing rate are sections 4, 5, and 14, the running conditions of the trains in these three sections and the overall arcing conditions are shown in Table. 4.
It is found from the comparison in Table. 5-8 that, although the four tests were performed at different time periods, and the load conditions, running direction, average speed and maximum speed of the trains were all different, the mileage locations where arcing occurs are highly similar. When the train is fully loaded, the arc burning frequency, intensity and total arcing time of each section in test 1 are higher than that of test 2, however, when the train is unloaded, the arc burning frequency and burning time of test 3 are higher than that of test 4, indicating that the train running speed has a certain influence on the pantograph arc.
The relationship between the number of photons collected in the 4 tests and the current signal output of the photoelectric conversion module is shown in Fig. 10 . the abscissa represents the current signal output of the photoelectric conversion module when an arc occurs, and the ordinate represents the number of photons collected.
As can be seen from Fig. 10 , in the four tests, the current signal output of the photoelectric conversion module is linearly proportional to the number of photons collected. This indicates that the system can collect the optical signal of the 275-285 nm band in the arc light and convert it into current signal i(t) linearly, Furthermore, it explains that the output current signal i(t) of the photoelectric conversion module is proportional to the discharge Q of the arc, and the detection result of the arc detection system can correctly reflect the strength of arc.
Before this urban rail transit line was opened, similar tests were performed on this line. At that time, considering the low speed of the train, no-load, new equipment, the corresponding current of arcing output by the PMT anode was very small and difficult to detect. Therefore, a load resistor is added at the end of the PMT to convert the output current into a voltage, and then the t 2 t 1 u(t)dt output of the PMT anode is used to measure the pantograph arc [12] . Comparing the results in this paper, it is found that although the arcing rate of the entire line and each section has increased in the recent tests, and the duration of single arc has increased, the locations of the arcs are highly consistent. This shows that this arc detection system can effectively detect the arc burning phenomenon and accurately reflect its intensity.
VI. CONCLUSION
This paper uses the solar blind characteristic of the UV band in the pantograph arc spectrum to design an arc detection system for urban rail based on the principle of photoelectric conversion. Its arc light acquisition system can collect UV light signals in the arc blind spectrum in the 275-285 nm band and transmit them to the photoelectric conversion module. The photoelectric conversion module converts the optical signal into an electrical signal and outputs it to a data processing module after amplification, comparison, and screening. The data processing module process output the arcing results combining the train information of the positioning and speed measurement systems.
The results of 4 arc detection tests performed on the urban rail under different conditions show that the system can effectively detect the pantograph arcing phenomenon without being affected by other factors, such as natural light, train weight, running direction, and running speed, and respond linearly to the intensity of the pantograph arc. To some extent, it can reflect the urban rail matching rationality of pantograph and catenary system. The design of this system provides a certain technical basis for the future information fusion and networked diagnosis of the pantograph-catenary system, laying a foundation for further research in this field. From 1992 to 2004, he was an Engineer and a Senior Engineer with the Survey and Design Institute, Lanzhou Jiaotong University. Since 2009, he has been a Professor with the Electrical Engineering Department, Lanzhou Jiaotong University. He is the author of more than 120 articles and more than ten inventions. His research interests include power system analysis, exploration and utilization of renewable energy, and system reliability and safety analysis. He holds two patents.
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